Abstract: This paper compares the design and performance of kink actuators, a modified version of the bent-beam thermal actuator, to the standard chevron-shaped designs. A variety of kink and chevron actuator designs were fabricated from polysilicon. While the actuators were electrically probed, these designs were tested using a probe station connected to a National Instruments (NI) controller that uses LabVIEW to extract the displacement results via image processing. The displacement results were then used to validate the thermal-electric-structural simulations produced by COMSOL. These results, in turn, were used to extract the stiffness for both actuator types. The data extracted show that chevron actuators can have larger stiffness values with increasing offsets, but at the cost of lower amplification factors. In contrast, kink actuators showed a constant stiffness value equivalent to the chevron actuator with the highest amplification factor. The kink actuator also had larger amplification factors than chevrons at all designs tested. Therefore, kink actuators are capable of longer throws at lower power levels than the standard chevron designs.
Introduction
This paper presents both experimental and simulation results in order to compare two designs of thermal actuators; The traditional bent-beam (chevron) actuator and the kink actuator (introduced in this paper). In order to produce displacement in a specific direction, a bent-beam thermal actuator uses its shape to amplify the thermal expansion of its beams. The heat required for actuation is usually generated by electrical resistive heating [1] [2] [3] . Electro-thermal actuators are capable of producing higher forces at lower voltage inputs than electrostatic actuators, however this comes at a cost of higher power consumption [4, 5] . Thermal actuators have been used in various applications, such as 3D optical switching [6] , micro-engines [7] , on-chip nanomechanical testing [8] , switching in RF MEMS [9] , and various other applications [10, 11] . Another bent-beam actuator that attempts to improve on the chevron actuator by making it also work as a linear force sensor is the z-shaped actuator [12] ; however, kink and chevron actuators produce displacements which are an order of magnitude higher.
Chevron shaped actuators, a class of bent-beam thermal actuators shown in Figure 1 (a), were first introduced by R. Cragun in 1999 [1] , L. Que in 1999 [2] and M.J. Sinclair in 2000 [3] . A chevron's amplification factor (i.e., its total displacement) increases with decreasing bend angle (BA in Figure 2 (a)). However, at very shallow angles, the standard chevron actuator's performance can become unpredictable from actuator to actuator due to process variations resulting from the accuracy of the masks used in the fabrication process. For this paper, actuators were fabricated using a mask resolution of 0.25 µm [13] , meaning that for a long beam with a 0.1 degree angle (the lowest angle tested), the rasterized mask consisted of a horizontal beam with a 0.25 µm step every 143.20 µm. Our kink actuator was designed to improve the amplification factor; that is, for a given input power, it generates larger displacements than an equivalent chevron actuator.
The kink actuator, Figure 1(b) , was designed to be a zero-angle chevron actuator with a small kink at the center in order to ensure buckling in the correct direction and reliable performance while maintaining the high amplification of a shallow angle design. Mask accuracy does not affect kink actuators as much as it does chevron actuators because the kink part will have relatively larger angles while the rest of the beam remains horizontal. For example, the kink actuator shown in Figure 1 (b) has a bend angle of 30 degrees yielding 46 raster steps in its bent length of 20 µm. Figure 2 clarifies the difference between both actuators.
Design and Fabrication
Chevron and kink actuators are two classes of the same bent-beam actuator morphology. Therefore, as shown in Figure 2 , both can be defined using the same set of parameters: Arm Length (AL), Bent Length (BL), Bent Angle (BA), and Offset (OF). By applying a voltage between the anchor pads, the beams heat up and expand. Chevron actuators have angled beams that guide the buckling of the beams, whereas kink actuators have a kink in the middle that helps guide the motion. The defining difference between these two types of actuators is that chevron actuators consist primarily of bent length, whereas kink actuators consist primarily of a straight arm, which only has a small proportion of its length that is bent.
Several variations of kink and chevron actuators were fabricated using PolyMUMPS, a three-layer polysilicon surface micromachining process [13] . PolyMUMPS uses polysilicon as a structural material, with PSG (PhosphoSilicate Glass) as a sacrificial layer, and silicon nitride as electrical isolation between the polysilicon and the substrate [13] .
Experimental Procedure
A total of 60 different actuator designs were tested, five different actuators of each design, in order to collect a statistically significant amount of data for both kink and chevron actuators. A probe station connected to an NI (National Instruments) control box was used to apply the voltage between the pads of the actuators. LABView software was written to output voltage to the probe station, to receive and process images from a camera mounted on the station, and to store the displacement results. The program was designed with various parameters, such as the range of input voltage, a measurement reference (a stationary mark on the substrate), defining the moving part of the actuator to be tracked and a scale for the captured images. The software processes the captured images and calculates the corresponding displacement for each voltage input. The data was collected incrementally: An actuator was first excited with a series of voltage steps ranging from 0 V to 3 V, and the results at each voltage step were collected. This procedure was then repeated from 0 V to 4 V and so on until the actuator showed visible signs of deformation. The maximum voltage was determined for each actuator by examining the displacement data and recording the voltage at which the displacement started deviating from the previous data set. At this point the actuator was in the plastic deformation region and all subsequent displacement data was ignored since the actuator was no longer in its operating range. Most of the tested actuators entered their plastic deformation region around 10 V, thus all of the data provided in this paper is up to 8 V as a safety margin. This process was repeated for the 60 different actuator designs.
Actuator Simulation
Simulations were carried out using COMSOL's Multiphysics software package. The thermal-electric-structural module was used to reproduce the displacement versus power graphs that were previously obtained in the experimental part. The polysilicon properties required for the simulation were obtained from various sources [14] [15] [16] [17] [18] and are summarized in Table 1 . Because the ductile-brittle transition (DBT) temperature of polysilicon occurs at 925 K [14] , all results with temperatures above this value were disregarded as the actuator would have entered the plastic deformation region. These results were verified by experimental data, and they were used to extract the stiffness values for both kink and chevron actuators for comparison. Figure 3 shows displacement results for both (a) a chevron actuator and (b) a kink actuator. (a) (b)
Results and Discussion
The first parameter of interest is the displacement. Figure 4 shows the displacement vs. voltage graph for various chevron actuator designs with an Arm Length of 150 µm and Bent Angles of 0.1-4.0 degrees. Figure 5 shows the same graph for kink actuators with an Arm Length of 150 µm and varying Bent Lengths and Bent Angles. As shown in these figures, displacement values are higher for kink actuators of equivalent offsets at the same power input, which is mainly due to the fact that most of the displacement in the kink actuator is produced by the expansion of the horizontal zero angle beams. In Figures 4 and 5 , the relationship between the displacement and the power input can be described as linear, and thus the slope of each line can be defined as the amplification factor (in µm/W). Figure 6 shows the amplification factors for the actuators plotted in Figures 4 and 5 versus the offset of the actuators. As shown in the figure, the amplification of chevron actuators increases with decreasing bend angle, which is directly related to the offset. However, as reported previously by Sinclair [3] , at very small bend angles, the amplification factor begins to decrease because the actuators buckle out-of-plane instead of in-plane. The amplification factor for kink actuators is higher than the chevron actuators at all different offsets, as well as independent of the bend angle. This trend is seen over a wide range of bend angles for both chevrons and kink actuators. Stiffness is the ratio between the applied force and the maximum deflection occurring at the tip [18, 19] . The stiffness of both types of actuator was determined using validated models and taking an unloaded actuator (i.e., no voltage input) and applying a force on the moving tip to extract the stiffness. Figure 7 shows the stiffness of chevron and kink actuators plotted against their offsets. For chevron actuators, stiffness increased with an increasing bend angle; however, the amplification factor was much lower after an offset of 2 µm, while kink actuators showed a constant stiffness for various values of offset. This result is expected because any kink actuator should have a stiffness close to the lowest bend angle chevron (due to the fact that kink beams are mostly horizontal with the exception of the middle part).
Conclusion
The work in this paper characterized the performance of a modified version of a bent-beam actuator, the kink actuator, and compared it to the standard chevron design. Various designs of kink and chevron actuators were fabricated out of polysilicon and then tested using a probe station. The displacement results were used to validate the thermal-electric-structural simulations produced by COMSOL. These simulations were then used to extract the stiffness of the actuators, which is not easily obtained experimentally.
The results show that kink actuators are capable of producing larger displacements at the same power input because most of the expansion is produced from the horizontal zero angle beams. Kink actuators also require lower power inputs compared to their chevron equivalents, which makes the kink actuator an excellent option where greater displacements are required. The stiffness for kink actuators is lower, but these actuators can be ganged together to produce larger forces, whereas the higher stiffness chevrons cannot provide large displacements.
The kink class of the bent-beam actuators demonstrates several advantages over the standard chevron shaped counterpart and should be considered for adoption into standard designs.
